Different zeolites were tested for selective removal of methyl elaidate (trans isomer) from an equimolar mixture with methyl oleate (cis isomer). Sorption experiments of the geometric isomers show that only ZSM-5 samples with reduced Al content in the framework are able to discriminate among the bent cis and the linear trans fatty acid methyl esters. Hydrogenation experiments of equimolar methyl oleate and elaidate mixtures at low temperature (65°C) and high hydrogen pressure (6.0 MPa), using Pt catalysts, confirm this result. Only with a Pt/Na-ZSM-5 catalyst outspoken selectivity for the hydrogenation of the trans isomer is obtained. In order to prepare a selective Pt/ZSM-5 catalyst, the influence of Pt addition (impregnation, ion-exchange and competitive ion-exchange) and Pt activation (different calcination and reduction temperatures) on the Pt-distribution and Pt particle size was investigated using SEM, bright-field and HR TEM, EDX, electron tomography, CO-chemisorption, XPS, XRD, and UV-vis measurements. The best result in terms of hydrogenation activity and selectivity is obtained with a Pt/ZSM-5 catalyst, which is prepared via competitive ion-exchange, followed by slow calcination up to 350°C under high O 2 flow and a reduction up to 500°C under H 2 . This preparation method leads to a Pt/ZSM-5 catalyst with the best Pt distribution and the smallest Pt clusters occluded in the zeolite structure. Finally, the influence of zeolite crystal size, morphology, and elemental composition of ZSM-5 on hydrogenation activity and selectivity was investigated in detail.
Introduction
Vegetable oils, like soybean oil, consist of triglyceride molecules, composed of three fatty acids attached to a glycerol backbone [1] . Whereas in naturally occurring molecules, the fatty acids have an even number of C atoms, they can occur with different chain lengths and different numbers of double bonds. The most common fatty acid chains in vegetable oils consist of 18 carbon atoms, containing between 0 and 3 double bonds, viz. stearic (C18:0), oleic (cC18:1), linoleic (cC18:2), and linolenic acid (cC18:3), the geometric configuration of natural fatty acid residues in triglycerides being cis w.r.t. the double bonds.
Catalytic hydrogenation of vegetable oils is a well-known process in food industry to make the oil more resistant against air autoxidation. For physiological reasons, it is desirable to hydrogenate cC18:3 chains, unstable against autoxidation, into cC18:2 and cC18:1, with limited formation of C18:0. Commercial hydrogenation is often conducted with a Ni catalyst between 180 and 200°C using hydrogen pressures in the range of 50-250 kPa [2] , resulting not only in saturation of double bonds, but also in formation of significant amounts of positional and geometric isomers. The presence of trans isomers in the fatty acid chains of edible oils, viz. elaidate (tC18:1), are legally restricted for dietary reasons [3] [4] [5] . Main efforts from industry to obtain products low in trans include: (1) changes of the hydrogenation parameters [2, 6] , (2) use of noble metal catalysts containing Pt and Pd [7, 8] , (3) use of catalytic transfer [9, 10] , electrocatalytic hydrogenation [11] [12] [13] and hydrogenation in supercritical conditions [14] [15] [16] [17] , (4) use of alternative processes and feeds, including chemical [18, 19] and enzymatic interesterification [20] , fractionation [21] , and (5) use of naturally stable oils low in linolenic acid [22, 23] .
One aim of the present research is to investigate the fundamental basis for selective removal of trans isomers from a hydrogenated/stabilized oil sample via sorptive and size exclusion 0021-9517/$ -see front matter Ó 2010 Elsevier Inc. All rights reserved. doi:10.1016/j.jcat.2009. 12.022 phenomena. This investigation was done at the level of the methyl esters of the fatty acids which in practice are obtained via a simple base catalyzed transesterification of triglycerides with methanol. Zeolites are obvious candidates for such studies. Possibly, the zeolite pore structure will allow to discriminate among the linear trans and the bent cis chain of the fatty acid methyl ester, viz. methyl elaidate (ME, C18:1 trans-9) and methyl oleate (MO, C18:1 cis-9), respectively.
Second, selectivity in the co-hydrogenation of MO and ME was examined on platinum loaded on zeolites. Pt was chosen as the active metal because of its low double bond isomerization characteristics [24, 25] . Ideally, only trans-methyl esters of fatty acids should enter the pores of the zeolite and be hydrogenated selectively on the intracrystalline metal phase. The cis isomers, with a larger diameter, would be excluded from the pores and thus from the hydrogenation function.
Work is in progress investigating the possibility of extrapolating the concepts from fatty acid methyl esters to triglycerides.
Experimental

Materials
The origin and properties of zeolite supports used, viz. commercial and home-made zeolites, are shown in Table 1 . Zeolites with different topology, pore size and pore architecture, crystal size, and Si/Al-ratio was selected. c-Alumina was from Aldrich (type 507C) with a specific surface area of 200 m 2 /g. Chemicals used for zeolite synthesis were from Acros. Pt(NH 3 ) 4 Cl 2 was from Strem Chem. Methyl oleate and methyl elaidate were from Sigma-Aldrich with a purity of more than 99%.
Synthesis of ZSM-5
Synthesis of ZSM-5 zeolites according to a published procedure [26] The values for x and y can be extracted from Table 2 . The solution was then placed in a Teflon autoclave and heated in a Milestone Microsynth Microwave oven for 17 h at 170°C. Table 2 gives an overview of the compositions of the synthesis solutions for the different ZSM-5 samples. After synthesis the crystals were washed three times with distilled water and calcined in a muffle furnace for 24 h at 550°C in order to remove occluded organics. XRD analysis confirmed that all samples were 100% crystalline w.r.t. a standard ZSM-5 sample. A combination of yield determination of the synthesis with chemical analysis of the obtained powder indicated that the synthesis efficiency both on Si and Al basis was always around 100 ± 5%. Sample notation involves the zeolite name, preceded by the name of the charge compensating cation and followed by the Si/Al framework ratio, viz. Na-ZSM-5(138). A capital C in the sample notation stands for a commercial sample, while MW refers to a lab synthesis in a microwave oven, as described previously.
Synthesis of Pt catalysts
Pt was introduced in the different supports via three different techniques, viz. incipient wetness impregnation (IWI), ion-exchange (IE) or competitive ion-exchange (CIE).
For IWI, an amount of a 0.0427 M aqueous solution of Pt(NH 3 ) 4 Cl 2 with volume equal to the total water sorption capacity of a vacuo-dried zeolite (0.5 mL/g) was added dropwise to the dry zeolite powder. The catalyst powder was then dried overnight at 110°C.
IE was done under stirring for 48 h of a zeolite in water slurry, containing the required amount of Pt-precursor in a 200-mL aqueous solution (usually 0.128 mM) per gram of dry zeolite. Prior to metal loading, calcined zeolites were brought in the Na-form via two successive room temperature ion-exchange steps lasting for 16 h. Two hundred milliliters of an aqueous 1 M NaCl solution per gram of dry zeolite was used. After each exchange, the filtration residue is washed three times with distilled water and dried at 100°C. To achieve a complete Na ion exchange, prior to ion-exchange calcined as-synthesized samples were dropped into aqueous ammonia solutions of pH 10, followed by thorough washing with bidistilled water till neutral pH in the washing waters.
During CIE, the Pt ion-exchange was done in presence of Na ions (NaCl), using a Na/Pt atomic ratio of 25.
The metal content of the exchange solution after reaction was determined by Inductively Coupled Plasma Atomic Absorbance Table 9 .
d Sample Na-ZSM-5(C138) in Table 9 .
(ICP-AA). In case of normal ion-exchange, no Pt could be detected, while very low Pt levels (<0.10 mg/L) were measured after CIE. Pt-loaded catalysts are activated by a successive calcination and reduction at 350 and 500°C, respectively. Prior to activation, the dry powders were compressed, crushed, and sieved, the 0.25-0.50 mm fraction being retained for further use. Calcination was conducted under flowing oxygen (120 mL/g/min), whereas reduction was done under flowing hydrogen (120 mL/g/min) applying heating rates of 0.3°C/min and 0.4°C/min, respectively. After calcination, the catalysts were cooled to room temperature under flowing nitrogen. After reduction, the acid sites formed by the reduction of Pt 2+ to Pt 0 were neutralized in a flow of 5% dry ammonia in N 2 .
In the notation of the Pt ion-exchanged samples, the amount and nature of the occluded metal was preceding the zeolite sample notation, while the Si/Al-ratio is given in brackets. A sample denoted as 0.5Pt/Na-ZSM-5(138) was loaded with 0.5 wt.% of Pt and has a Si/Al ratio of 138.
Catalyst characterization
SEM images of gold-coated samples were taken with a Philips XL series XL 30 FEG, the energy of the incident electron beam being 30 keV.
For transmission electron microscopy (TEM) investigation, the catalyst samples were prepared by suspending the powder materials in methanol and subsequently placing a few drops of the suspension on holey carbon-coated Cu-grids.
Bright-field TEM, high-resolution TEM, and electron diffraction experiments were performed on a Philips CM20 operated at 200 kV. Particle size distributions of the Pt particles were measured from the obtained electron micrographs assuming a spherical morphology of the particles, averaging over 50 particles. EDX analysis was performed using an Oxford EDX detector and Inca analysis software.
Electron tomography experiments were performed on a JEOL 3000F TEM-STEM microscope operated at 300 kV and equipped with a À70°to +70°tomography tilt stage and holder. Images for tomographic reconstruction were taken using a 2°interval, over the largest possible angle, viz. 132°. A reference image at 0°tilt was taken before and after image acquisition, to ensure changes in the sample structure were absent due to beam damage during acquisition. Tomographic reconstruction was performed using the TOM Tomography Toolbox [27] . High-angle annular dark field scanning transmission electron microscope (STEM) images were taken using a Technai G2 microscope operated at 200 kV at a nominal spot size of 0.2 nm. The HAADF inner collection semi-angle was 90 mrad. For all techniques, low-intensity beam conditions (lowest possible magnification, low beam intensity and long exposure times) were used as much as possible to minimize the electron dose and possible beam damage of the supported metal particles [28] . The images for the tomographic acquisition were taken in bright-field TEM instead of the HAADF-STEM mode.
Although unwanted diffraction contrast inevitably occurs with this technique, use of bright-field TEM was required for the tomography images as prolonged STEM illumination can damage soft porous materials [28] .
X-ray photoelectron spectroscopy (XPS) measurements were performed with a Perkin-Elmer PHI ESCA 5500 system, using monochromatic 450 W Al Ka radiation. Despite the low Pt concentration, both the Pt4f and the weaker Pt4d signals were clearly visible. As the more intense Pt4f photolines coincide with the Al2p peak, the weaker but isolated Pt4d photolines around 315 eV were used to calculate atomic Pt/Si ratios. The oxidation state of Pt is normally extracted from the position of the strongest photoline, viz. , respectively [29] . Because of the overlap of Pt4f 7/2 with Al2p, the distinct Pt4d 5/2 photoline was used to calculate the position of the overlapped Pt4f 7/2 line. Reference measurements on Pt foil were used to determine the exact distance between the two Pt lines (DE b = 243.6 ± 0.1 eV).
X-ray diffraction (XRD) measurements were performed on a STOE Stadi P instrument in transmission mode using Cu Ka radiation. On one hand, these measurements were done in order to confirm the zeolite structure and crystallinity after zeolite synthesis and catalyst preparation. On the other hand, the diffractograms were used to check for possible sintering of Pt, which can be evaluated from the Pt diffraction peaks at 2h = 39.6 (111), 2h = 45.9 (200) and 2h = 67.3 (220).
Platinum dispersions were determined using CO-chemisorption. Catalyst pellets loaded in a tubular reactor were reduced according to the pretreatment procedures described previously and cooled down to room temperature under flowing He. For the titration of the Pt surface, pulses of 5 lL of pure CO were added to a He flow of 10 mL/min at an interval of 2 min. The CO concentration in the outlet stream was followed continuously via ion monitoring at m/e = 28 with a Pfeiffer Omnistar quadrupole mass spectrometer. For the calculation of the dispersion, adsorption of 1 CO per accessible Pt atom was assumed. The size of Pt particles, d Pt , was derived from the Pt dispersion, D Pt , assuming a cubic particle shape [30] :
In situ UV-vis-NIR spectra in the diffuse reflectance mode (DRS) of the series of Pt/ZSM-5 samples oxidized at increasing temperature were recorded on a Varian Cary 5 UV-vis-NIR spectrophotometer. Sample pellets of 0.25-0.5 mm were brought into quartz flow cells, equipped with a suprasil window for DRS measurements. After calcination at different temperatures in a pure oxygen flow of 120 mL/g/min at a heating rate of 0.3°C/min, the samples were cooled under He and scanned at RT. The spectrum of reference white BaSO 4 was subtracted from all Pt/ZSM-5 spectra.
Room temperature chromatographic adsorption experiments in the HPLC mode were conducted with hexane as the mobile phase using a column (4.6 Â 45.0 mm) packed with zeolite pellets in the Na-form but devoid of Pt, previously dried at 450°C. Twenty microliters of the adsorbate (MO or ME) was injected in the mobile phase and passed over the zeolite column. Concentration changes at the column outlet were monitored with a refractive index (RI) detector. The response curve was analyzed by the method of moments [31] , the first moment or mean retention time of the pulse being identical to the adsorption equilibrium constant, K, which reflects the affinity of the sorbate compound for the adsorbent concerned. A high value for K implies that the adsorbate shows a significantly higher affinity for the adsorbent than for the mobile phase. The ratio of the adsorption equilibrium constants of ME and MO (K ME /K MO ) corresponds to the selectivity ratio or separa- tion factor, a. Sorbents characterized by a separation factor higher than one are assumed to adsorb preferably methyl esters of transmonounsaturated fatty acids over the corresponding cis isomers.
Hydrogenation reactions
Hydrogenation of equimolecular mixtures of MO and ME was carried out in 10-mL batch autoclaves. The autoclave was loaded with 5 g of a mixture containing 2 wt.% of substrate in octane and the prereduced dry catalyst. The reaction mixture was homogenized under stirring at 500 rpm with a magnetic stirring bar. After flushing the reaction mixture with N 2 , the temperature was raised to 65°C and 6.0 MPa of H 2 was added. Unless stated otherwise, after 15 min of reaction the autoclave was flushed again with N 2 .
After screening of the different catalysts in a 10-mL autoclave, some were tested in a 100-mL Parr-autoclave in the same conditions of temperature and pressure. The reaction mixture was stirred mechanically at 500 rpm. Samples withdrawn from the reactor at certain time intervals, allowed following the reaction progress over time.
Product analysis
The fatty acid methyl esters (FAMEs) were analyzed with a Hewlett Packard HP 6890 gas chromatograph using a split injection system with split ratio of 100:1 and N 2 as carrier gas. A 60-m highly polar column of the type BPX-70 (SGE) with an internal diameter of 320 lm and a film thickness of 0.25 lm was used for separation. The initial column temperature was kept for 40 min at 180°C, and then raised at 10°C/min to 260°C and held there for 5 min. The FID detector used was kept at 280°C. For quantification, heptadecane was added as standard.
The hydrogenation degree was also followed by determining the iodine value (IV) of the products. IV values, viz. g of iodine consumed per 100 g of fat substrate, were obtained from GC analysis. The DIV, the difference between the initial IV, viz. 85.7 for a 50/50 mixture of ME/MO, and the end IV, is a measure of the number of double bonds saturated during the reaction and hence a measure of the degree of hydrogenation.
Representation of the catalytic data was done in terms of conversion of ME (X ME ) or MO (X MO ) or in terms of DIV, or in terms of initial hydrogenation activity (after 15 min) per Pt atom. Firstorder rate constants (k ME , k MO ) were obtained from first-order plots of ln(X i ) over time.
Results and discussion
Zeolite effects on sorption selectivity of methyl oleate and elaidate
In Table 3 , an overview of room temperature adsorption equilibrium constants (K ME , K MO ) and selectivity ratios (a) of ME over MO is shown for different adsorbents. c-Alumina shows low values for K MO and K ME . This should be attributed to the weak interactions between the adsorbate and the support. An a-value of 0.99 points to the absence of selectivity in the adsorption of any of the two geometric isomers.
Different Na-ZSM-5 samples with MFI topology (entries 6-8)
show a-values exceeding a value of 1.00. They increase with increasing Si/Al-ratio up to an a value of 6.6 for a Si/Al-ratio of 138, thus pointing to increasingly preferred adsorption of ME over MO. The higher values for both K MO and K ME in ZSM-5 zeolites with higher Si/Al-ratios and comparable crystal sizes, can be rationalized by the increasing hydrophobicity of the samples. The higher the Si/Al-ratio, the more hydrophobic is the zeolite and thus the more likely it is that the apolar fatty acid chains will enter the pores. Next to this polarity effect, an increase in Si/Al-ratio is also accompanied by a decrease in pore diameter as the Al-O bond length is larger than the Si-O bond length [32] . This decrease in pore diameter can also result in enhanced sorption selectivity. The ZSM-5 structure seems to be most promising. Even the more aluminous ZSM-5 show superior sorption constants for both isomers compared to other 10MR zeolites, viz. with MWW and TON topology (entries 9 and 10), pointing to a restricted access. It seems that participation in the sorption of the half-cages at the external surface of MCM-22 is not significant.
Whereas the 12MR zeolites (entries 1-5) all have a-values
slightly lower than 1, they show significant variations in absolute values of the adsorption equilibrium constants. This is explained by the larger pore volumes and the better accessibilities of the pores in the 12MR zeolites compared to the zeolites with smaller pore size. Zeolite L and mordenite show low values for K MO and K ME possibly because of high hydrophilicity (low Si/Al-ratios) and reduced dimensionality (monodimensional 12MR). The a values in the 12MR zeolites point to the absence of sorption selectivity. The 8MR zeolite shows very low adsorption equilibrium constants indeed (entry 11). Narrow pores do not allow access, while the low Si/Al-ratio, probably is at the basis of weak interaction of apolar fatty esters with the external surface of hydrophilic crystals.
Concluding, only ZSM-5 samples with reduced Al content in the framework at room temperature allow to discriminate among methyl elaidate and oleate. From the data, it follows that a combination of pore size, pore dimensionality and Si/Al-ratio is at the basis of this beneficial effect in sorption. Therefore, in the hydrogenation experiments with Pt/zeolites, most emphasis was on ZSM-5 samples, while only the faujasite and mordenite structure has been used for comparative purposes.
Effect of zeolite structure on hydrogenation activity and selectivity
Pt-loaded catalysts prepared from a limited number of commercial zeolites with different topologies and Si/Al-ratio were tested in a hydrogenation reaction with equimolecular amounts of ME and MO. Pt with its low double bond isomerization activity [24, 25] was chosen as the active metal phase in the hydrogenation catalysts. The characteristics of the commercial supports are given in Table 1 , while the results of the hydrogenation reactions with some of them are shown in Table 4 .
Pt ion reduction in zeolites (Z À ) occurs via the following overall equation [33] :
À representing the negatively charged zeolite framework. The removal of NH 3 ligands and Pt ion reduction occurs via subsequent air calcination and hydrogen reduction. The latter treatments can Table 3 Overview of adsorption equilibrium constants, K i , and selectivity ratio, a, of methyl elaidate (ME) and methyl oleate (MO) in Na-exchanged zeolites. be done in different ways using different temperature programs. To minimize acid-catalyzed reactions such as double bond shift and geometric isomerization, it is advisable to neutralize afterward the acid sites formed, viz. by treatment with gaseous dry ammonia (see Section 2). The hydrogenation activity on the 0.5Pt/zeolite catalysts prepared via ion-exchange varies significantly (Table 4) . Zeolites Y and mordenite are known to accept all Pt in the intracrystalline space of a 0.5Pt/zeolite sample prepared via ion-exchange [34] . Although not of prime importance in this work, the high hydrogenation activity with 0.5Pt/NaY is the result of good accessibility of the intracrystalline Pt particles. This is less the case in the 0.5Pt/ Mor(11) sample with reduced pore size and pore dimensionality. The reduced activity of 0.5Pt/Na-USY w.r.t. 0.5Pt/Na-Y is in line with its decreased sorption capacity due to mesopore formation during ultrastabilization of zeolite Y. The increased activity of dealuminated mordenite is probably the result of enhanced accessibility of the structure upon dealumination. The low activity of ZSM-5 should be related to the low pore size and reduced accessibility. The difference in activity of the two ZSM-5 samples cannot be rationalized at this stage, but is probably related to difference in Pt location/dispersion and will be treated in more detail.
As in this work the goal is to manipulate hydrogenation selectivity, the catalysts with a selectivity ratio k ME /k MO > 1 are of primary importance. They belong to the ZSM-5 family of catalysts.
When the Pt particles are assumed to be very accessible, the selectivity should be in favor of the cis isomer, viz. MO. It is clear that the cis-olefin double bond of MO, in a non-constrained environment will form more easily a p-complex with the metal surface compared to the trans-form of ME. Therefore, further attempts to improve the hydrogenation selectivity in favor of ME, will focus on Pt/ZSM-5 materials as catalyst.
Effect of Pt addition to Na-ZSM-5(C-138) on hydrogenation activity and selectivity
The chromatographic adsorption experiments show that the pore structure of siliceous ZSM-5 is able to discriminate among the methyl elaidate straight chain and the methyl oleate bent chain, at least in chromatographic conditions. Therefore, selective hydrogenation of ME in presence of MO could be feasible, provided the Pt metal clusters are accommodated fully in the intracrystalline voids of the Na-ZSM-5 zeolite. Pt clusters located on the outer surface of the zeolite crystals, will not allow this shape selective hydrogenation reaction to occur.
The different preparation methods described in the experimental section, viz. incipient wetness impregnation (IWI), ion-exchange (IE), or competitive ion-exchange (CIE), were tested to prepare the most selective Pt/Na-ZSM-5(C-138) catalyst for the hydrogenation of an equimolecular mixture of MO and ME. In order to minimize the number of Pt clusters located on the outer surface of the zeolite, competitive ion exchange with Pt(NH 3 ) 4 Cl 2 may be suitable [35, 36] . If IE occurs in absence of a competitive ion, the Pt metal ion preferably will be located in the outer rim of the crystals, given the strong electrostatic interaction between the ligated Pt 2+ ions and the negative charges of the lattice and the excess of sites present w.r.t. the number of Pt ions involved. The addition of an excess of competitive cation, viz. Na + , forces the Pt ions to be positioned across the whole crystal, thus leading after reduction to a more homogeneous distribution of metal particles throughout the zeolite. However, data illustrating this effect only exist for zeolite Y and mordenite [35, 36] .
In order to determine the nature of the superior catalyst preparation method, 0.5 wt.% of Pt was incorporated in the Na-ZSM-5(C-138) zeolite by means of IWI, IE-350, or CIE, followed by calcination under oxygen at 350°C and subsequent hydrogen reduction at 500°C (Table 5) . Fast heating could lead to incomplete oxidation of ammonia and hence autoreduction of the Pt-precursor. Also, at higher heating rates, there will be more water left in the zeolite, which will coordinate to the Pt-cations, enhancing their mobility in the zeolite and leading to a lower dispersion [37] .
The crystallinity of the catalysts as examined by X-ray diffraction at various stages during the preparation, viz. after Pt addition and pretreatment, remained unchanged (data not shown). No reflection peaks of Pt 0 were observed for the three samples (IWI,
IE, and CIE).
The most important characteristics of the three 0.5Pt/Na-ZSM-5(C-138) samples are summarized in Table 5 , entries 1-3. The table shows that the Pt dispersion as calculated from CO measurements is higher in the ion-exchanged samples (IE-350 and CIE, entries 2 and 3) compared to the impregnated sample (IWI, entry 1). The size of the Pt clusters increases in the sequence IE < IE-350 < IWI. These observations are not in line with results from a previous re- Table 4 Performance of 0.5 wt.% of Pt prepared via ion-exchange and subsequent calcinations and reduction on different commercial supports in the hydrogenation of ME in an equimolecular mixture of ME and MO (2.0 wt.% in octane) at 65°C with 6. a Initial activity (relative DIV per unit amount of Pt in the reactor, calculated after 15 min of reaction) relative to Pt/Na-ZSM-5 (40) .
b Ratio of first-order rate constants of ME over MO hydrogenation over a longer period. c Prepared via impregnation. Table 5 Preparation methods and characterization of Pt in a 0.5Pt/Na-ZSM-5(C-138) catalyst. port in which smaller Pt clusters were obtained by impregnation compared to ion-exchange of a K-ZSM-5 zeolite [38] . According to the authors, this observation is related to the presence of additional potassium species in the pores of the impregnated zeolite, which would hinder the migration of platinum to form larger particles. However, in Pt/Na-Y catalysts, ion-exchange has been reported to lead to smaller Pt clusters, located in the pores of the zeolite, while impregnation gave large Pt clusters agglomerated on the outer surface [39] . The ZSM-5 sample loaded via CIE (entry 3, Table 5 ) shows the highest Pt dispersion and hence the smallest Pt particles. This enhancement is in line with previous reports about competitive ion-exchange in zeolite Y [35] and mordenite [36] . In the corresponding SEM images (Fig. 1) , no Pt particles could be detected for catalyst IWI, IE-350, or CIE, indicating that either no Pt clusters or only very small Pt nanoclusters are present on the outer surface of the zeolite crystals.
In order to further characterize the influence of the Pt addition on the Pt-distribution, XPS measurements were performed. As can be seen from Table 5 , the Pt/Si ratio is similar for IE-350 and CIE (entries 2 and 3). Assuming that all Pt initially present in the exchange solution becomes associated with the zeolite crystals, corresponding to a bulk Pt/Si atom ratio of 1.52 Â 10
À3
, the values indicate that there should be Pt enrichment on the surface. The XPS analysis of the various catalysts is also informative on the Pt oxidation state. As the binding energies of Pt4f 7/2 are around 71 eV, Pt should be in the metallic state, irrespective of the preparation method.
Bright-field TEM experiments were performed on all catalyst samples (Fig. 2) . Pt clusters are visible in all samples, the size of the Pt particles and their distribution across the different crystals depending on the loading mechanism used. TEM measurements clearly show that impregnation leads to an asymmetric broad Ptdistribution (IWI, Fig. 2a ), peaking at 8 nm and ranging from 2 to 20 nm. As expected for the impregnation method, many particles should be located outside the zeolite crystal in agreement with a previous report [39] .
In the ion-exchanged samples (Fig. 2b and c) , the Pt clusters are distributed more homogeneously as is obvious from the narrower particle size distribution and show smaller mean Pt-cluster size in agreement with the CO-chemisorptions results. TEM images of IE-350 and CIE generally show rather narrow Pt-distribution with mean Pt-cluster size of 1.7 nm (Table 5) . Occasionally, some spots are found representing large Pt clusters. The Pt size distribution plot of IE-350 shows a slightly higher maximum at 2.0 nm. The chemical nature of the metal nanoparticles present is evidenced by EDX for all samples. An illustrative spectrum is shown in Fig. 2d .
Even though the presence of the Pt particles can be evidenced by TEM and EDX analysis, the positioning of the clusters within the crystal matrix cannot unequivocally be established. To show a more detailed image of the smallest Pt clusters, high-resolution (HR)TEM pictures are shown for the two ion-exchanged samples in Fig. 3 . The HRTEM images show the presence of small Pt clusters in the zeolite materials. Occasionally, some larger nanoparticles (see e.g. Fig. 5 ) are positioned at the surface of the zeolite crystals. Assuming that these small, low-contrast particles are not at the external surface of the zeolite crystals, but incorporated into the crystal lattice of the zeolite matrix, it should be realized that they have sizes that exceed the pore intersection diameter of the MFI topology, viz. ± 0.55 nm. Similar results have been observed earlier via EXAFS [38, 39] and also have been assigned to intracrystalline Pt clusters at locally destroyed lattice spots.
Electron tomography revealed no further information about the localization of the small nano-sized Pt particles (<2 nm) as these reliably could not be observed with this technique due to both the low contrast difference between the zeolite matrix and the smallest particles as well as the resolution limit in bright-field TEM tomography with a limited tilt angle, which lies around 2 nm [40] .
Finally, the three 0.5Pt/Na-ZSM-5(C-138) samples prepared via IWI, IE, and CIE were used as catalyst in the competitive hydrogenation of an equimolecular mixture of ME and MO (Table 6, surements. Indeed, the sequence of activities of the ZSM-5 catalysts (CIE > IE-350 > IWI) is the same as for the metal dispersion. Next to the effect on hydrogenation activity, the preparation method has a major impact on the hydrogenation selectivity. At DIV = 5, the ion-exchanged samples (IE-350 and CIE) show a preference for the hydrogenation of ME, while samples prepared via IWI hardly shows any selectivity. At DIV = 10, the ion-exchanged samples retain their preference for ME hydrogenation, while for the impregnated IWI catalyst the selectivity switches, MO being hydrogenated preferentially. This observation points to the pres- ence of intracrystalline Pt for preparations IE-350 and CIE. The lack of selectivity observed for IWI preparation, indicates that a majority of a-selective Pt particles are formed on the outer surface of the zeolite.
Conclusively, the ion-exchanged samples (IE-350 and CIE) have smaller (intracrystalline) Pt clusters compared to the impregnated sample (IWI). The former are more uniformly distributed throughout the zeolite crystals, leading to higher activity and selectivity for the hydrogenation of ME w.r.t. MO. The sample prepared via competitive ion exchange shows the highest dispersion and hydrogenation activity. The ion-exchanged samples show the highest selectivity because of the increased contribution of intracrystalline Pt.
Effect of Pt/Na-ZSM-5 activation on hydrogenation activity and selectivity
An ion-exchanged sample of 0.5Pt/Na-ZSM-5(C-138) was subjected to different thermal pretreatments as shown in Table 5 (entries 2, 4-7). Comparison of IE-NC (no calcination), IE-200 (calcination at 200°C), IE-250-1 (calcination at 250°C), and IE-350 (calcination at 350°C) indicates that for an identical reduction temperature (500°C), the precalcination temperature has a pronounced effect on the final activity ( Table 6 ). The lower the calcination temperature, the lower is the activity. In contrast to the calcination temperature, the reduction temperature (after an optimal preoxidation) seems to have no influence on the activity (see IE-250-1 and IE-250-2). In previous work, it was shown that the calcination temperature was determining the PtO dispersion and consequently the Pt dispersion after reduction [38] .
The selectivity at DIV of 5 and 10 are compared in Table 6 . The sample precalcined at 350°C and reduced at 500°C (IE-350) has the highest selectivity, while the lowest selectivity is obtained with IE-NC and IE-200. These data are again in agreement with the hypothesis that a high Pt-distribution is a prerequisite for selective hydrogenation of ME in presence of MO.
Previous studies have shown that calcination prior to reduction is important in stabilizing small metal particles in ZSM-5 [41, 42] . When the calcination step was omitted and a Pt/ZSM-5 sample was directly reduced in hydrogen, a marked migration of Pt to the outer surface of the zeolite occurred with the growth of large Pt clusters (12-15 nm) . The results obtained with IE-NC are in agreement with these observations. From the SEM image in Fig. 4a large Pt clusters (up to 150 nm) exhibiting high contrast with the zeolite crystals are easily detected, leading to reduced activity and selectivity for trans reduction ( Table 6 ). The SEM images of IE-200 (calcined at 200°C) also show a large fraction of outer surface Pt clusters (Fig. 4b) albeit somewhat smaller in size, while no Pt clusters could be detected with SEM in case of IE-250-1 (Fig. 4c) , IE-350 (Fig. 1b) and IE-250-2 (Fig. 4d) . The latter samples were further analyzed by TEM, showing good Pt-distributions and small Pt clusters (Figs. 2b and 5 ) with a mean size around 2.0 nm. The distribution on IE-250-2 (reduced at 250°C) is more asymmetrical, while also 3-4 nm clusters were observed. The Pt particles are clearly 
Table 6
Performance of differently prepared Pt/Na-ZSM-5(C-138) catalysts in the hydrogenation of a 2.0 wt.% equimolecular mixture of methyl oleate and methyl elaidate in octane. Table 4 . c Calculated after 15 min of reaction.
visible, some being positioned at the surface of the zeolite crystals. The majority of the particles is assumed to be encapsulated in the zeolite crystals. It seems that not only the calcination temperature, but also the calcination time, the rate of temperature increase and the pretreatment mode, viz. with air flow or in static conditions, with pure oxygen or dry air, has an influence on the metal dispersion. In order to obtain small, homogeneously distributed Pt clusters, it is important that the Pt-precursor is totally decomposed and that Pt 2+ ions are formed before reduction. It has been claimed [43] [44] [45] that a pale green color is associated with the presence of Pt 2+ coordinated to the zeolite framework, while subsequent reduction of such a sample leads to the formation of small Pt particles in Pt/H-ZSM-5 [46] . Sample IE-350 in contrast to IE-200 and IE-250, acquired indeed a light green color after calcination. UV-vis measurements obtained during the calcination step (Fig. 6 ), confirm this visual observation. Only after calcination at 350°C or higher, additional absorption bands at 15,800 and [46] . As a consequence, severe metal atom agglomeration during the subsequent H 2 reduction via the unstable Pt(NH 3 ) 2 H 2 intermediate is prevented [45] and a highly active and selective Pt/ZSM-5 catalyst is obtained.
In contrast to the calcination temperature, the reduction temperature seems to have less influence on the initial activity (Table  6 , IE-250-1 and IE-250-2). However, lowering the reduction temperature from 500 to 250°C has a negative impact on selectivity. XPS measurements (Table 5) indicate that more Pt particles are present on the outer rim of crystals of IE-250-2 (reduction at 250°C) as evidenced by a higher Pt/Si ratio, compared to IE-250-1 (reduction at 500°C).
In order to determine the exact position of the Pt clusters within the zeolite crystals, electron tomography was carried out on a selected sample IE-250-2 ( Fig. 7) [40, 47] . The tomographically reconstructed slices through the zeolite matrix show indeed that most Pt particles are positioned near the surface of the zeolite crystals (Fig. 7c) or are present on their surface. In the smaller zeolite crystals, the particles are distributed more homogeneously (Fig. 7d,  bottom) . Migration of Pt to the outer surface may be ascribed to the low temperature treatment. As the temperature during calcination and reduction was not higher than 250°C for IE-250-2, the Ptprecursor is probably not completely decomposed and hence migration to the outer surface of the zeolite crystal is possible. XPS measurements further confirm that in all catalysts Pt is in the reduced form (Pt 0 ), as they all show the same E b value around 71 eV (Table 5) . So, it seems that a reduction temperature of 250°C is sufficient to fully reduce Pt 2+ to the metallic state.
As a conclusion, preparation of selective Pt-ZSM-5 hydrogenation catalysts with good activity results from a subtle interplay of preparation parameters. The best catalyst is obtained by competitive ion-exchange of Na-ZSM-5 with Pt 2+ , followed by a slow calcination up to 350°C under high O 2 -flow. This procedure ensures that after reduction in H 2 , a catalyst with homogeneous Pt-distribution in the zeolite crystals is obtained, which is found to be a key parameter for good selectivity.
3.5. Effect of crystal size, morphology and composition of ZSM-5 on hydrogenation activity and selectivity
Diffusional shape-selectivity of ZSM-5 can be improved using larger crystals, provided the metal phase is accommodated in the intracrystalline volume. The sorption measurements indicated that difference of reactant diffusion is at the origin of the selective hydrogenation. As crystals with a higher ratio of internal to external surface will also have a reduced ratio of external to internal Pt clusters, a further hydrogenation selectivity improvement is expected. On the other hand, larger crystals with longer diffusion pathways for adsorbed molecules are expected to show decreased activity.
Hydrogenation results with 0.5Pt/Na-ZSM-5 with different morphology and crystal size are shown in Table 7 . Crystal size changes profoundly affect both activity and selectivity. The coffin-shaped zeolite catalysts prepared from the larger crystals, viz. MW-100A and MW-250A, show a reduced activity and an enhanced selectivity compared to the corresponding B samples with comparable Si/Al-ratio. Initially, the A samples show only conversion of methyl elaidate to methyl stearate, while methyl oleate hydrogenation does not occur.
Apart from the crystal size, also the Si/Al-ratio has an influence on the hydrogenation activity, as can be seen in Table 8 , where well-formed crystals with different Si/Al-ratios are compared. The effect of the Si/Al-ratio on the initial activity is illustrated in Fig. 8 . A maximum for the initial activity is obtained for ZSM-5 catalysts with a Si/Al ratio slightly below 100. The increase of the ME and MO sorption constants with the Si/Al-ratio of the ZSM-5 crystals has been attributed to a decreased polarity or higher hydrophilicity of the zeolite. The same explanation probably holds here. The activity decrease for ZSM-5 with Si/Al-ratios beyond 150, can be related to a decreased amount of intrazeolitic Pt resulting from the decreased number of exchange sites. For example, a zeolite with a Si/Al-ratio of 250 has a maximum CEC corresponding to a 0.64 wt.% Pt 2+ loading, while for a zeolite with a Si/Al-ratio of 500 it amounts only to 0.32 wt.% Pt 2+ . Alternatively, part of the Table 7 Effect of the crystal size and morphology of Na-ZSM-5 a,b in the selective removal of ME from a 2.0 wt.% equimolar mixture of ME and MO in octane. Hydrogenation reactions were conducted at 65°C with 6. and reduction at 500°C. b Na-ZSM-5 was synthesized according to Table 2. c With less than 10% coffins with a size of 7 Â 10 lm.
d Relative initial activity (relative DIV per unit amount of Pt in the reactor, calculated after 15 min of reaction) w.r.t. the activity of Pt/Na-ZSM-5(C-40) ( Table 2 ).
Table 8
Effect of the Si/Al-ratio in Pt/Na-ZSM-5 on the selective removal of ME in an equimolar mixture of ME and MO. Hydrogenation reactions were conducted at 65°C, 6.0 MPa of hydrogen using a Pt/lipid molar ratio of 0. c Relative initial activity (relative DIV per unit amount of Pt in the reactor, calculated after 15 min of reaction) w.r.t. the activity of 0.5Pt/Na-ZSM-5(C-40) ( Table 2 ).
Pt can be hidden deeply in the crystal, where for diffusional reasons MO or ME have no access. So far only initial activity and selectivity around a DIV of 5 has been discussed. In order to investigate the reaction in time, some of the previous catalysts were tested in a 100-mL Parr reactor equipped with on-line sampling device. The results are shown in Table 9 . As can be seen, all ZSM-5 catalysts show a preference for the hydrogenation of ME, catalysts MW-80 and MW-150 showing the highest selectivity. In Fig. 9 a comparison is made between the performance of Pt loaded on ZSM-5 samples with different crystal sizes and c-alumina. The Pt/alumina catalyst shows a small preference for the hydrogenation of MO, while the three Pt/ZSM-5 catalysts show a preferred hydrogenation of ME, the large crystals of MW-80 and MW-150 having the highest preference.
Conclusions
The present work shows that the 10MR pores of ZSM-5 are able to distinguish in a room temperature sorption experiment among the linear chain of methyl elaidate and the bent chain of methyl oleate. In other zeolites with 12MR or 8MR, this is not the case.
Furthermore, it is reported that from the zeolite topologies tested, only a Pt/zeolite catalyst with MFI topology can preferably hydrogenate methyl elaidate in a mixture containing its geometric isomer, methyl oleate. This Pt/Na-ZSM-5 catalyst preferably should be prepared via a competitive ion-exchange, followed by a slow calcination up to 350°C under high O 2 -flow and a reduction up to 500°C. From all the preparation methods tested (variations of Pt addition and Pt activation), it leads to the highest Pt dispersion, hydrogenation activity and selectivity.
High-resolution TEM images clearly indicate the presence of 1-2 nm sized Pt clusters encapsulated in the lattice of the zeolite crystal. However, some larger Pt particles are present, located near or at the crystal surface. It is shown that especially the calcination step is crucial as it allows the Pt-precursors to be completely transformed into Pt 2+ , with development of a greenish sample color. The critical conditions require application of a low ramping rate (0.3°C/min), a high oxygen flow (120 mL/min/g) and an elevated calcination temperature (350°C). Finally, the use of larger crystals with a Si/Al-ratio up to 80-150 results in further improvement of the (diffusional) shape-selectivity. Na-ZSM-5 samples with lower Si/Al-ratios show lower activities because of their enhanced hydrophilicity. The decreased activity of samples with higher Si/Al-ratios is attributed to the low amount of exchangeable sites available for Pt ion-exchange combined with the slow diffusion of reactants toward the Pt clusters located near the crystals center. Fig. 8 . Effect of the Si/Al-ratio of 0.5Pt/Na-ZSM-5(CIE) on the initial activity during hydrogenation of an equimolecular mixture of methyl oleate and methyl elaidate (conditions of Table 8 ). Table 9 Performance of different catalysts in the selective hydrogenation of an equimolecular mixture of ME and MO (2.0 wt.% in octane). Reactions were conducted at 65°C and 6.0 MPa of hydrogen in a 100-mL Parr reactor with sampling device.
Catalyst
Pt a Relative initial activity (relative DIV per unit amount of Pt in the reactor after 15 min of reaction) w.r.t. the activity of Pt/Na-ZSM-5(40) ( Table 2) .
b Conversions at DIV = 10 (calculated after fitting a straight line through the origin in a X versus DIV graph). c Sample from entry 8 in Table 1 . d Sample from entry 10 in Table 1 . trans/(trans+cis) (%) Fig. 9 . Selectivity (trans/(trans + cis) over conversion (delta IV) plots 0.5Pt/Na-ZSM-5(C-138) (s) catalysts and 0.5Pt/Na-ZSM-5 prepared via MW-80 (h) and MW-150 (j) and a non-selective Pt/alumina catalyst (d) in the hydrogenation of an equimolecular mixture of ME and MO (2.0 wt.% in octane). Reactions were conducted at 65°C and 6.0 MPa of hydrogen pressure.
